Introduction {#s0001}
============

Lipopolysaccharide (LPS) is a major component of the outer membrane of Gram-negative bacteria and consists of core oligosaccharide regions, conserved lipid A, and a long-chain polysaccharide O antigen.[@cit0001] Increasing evidence has indicated that LPS can elicit uncontrolled cytokine production, leading to hemodynamic instability, cardiovascular collapse, and acute liver, kidney, and lung injury.[@cit0002]--[@cit0004] Moreover, evidence from both basic and clinical research supports that LPS-induced inflammatory cytokine dysregulation may be linked to the pathophysiology of depression.[@cit0005],[@cit0006] LPS can induce systemic inflammatory response syndrome (SIRS), which triggers sepsis and leads to multiple organ failure, and is associated with high rates of morbidity and mortality.[@cit0007],[@cit0008] Therefore, comprehensive metabolomics-based evaluation of LPS-induced SIRS and multiple organ failure is necessary.

Metabolomics represents the global assessment of metabolites in biological samples and can be a powerful tool for biomarker discovery.[@cit0009]--[@cit0013] Several analytical techniques are used in metabolomic studies, such as nuclear magnetic resonance (NMR) spectroscopy, ultra-high-performance liquid chromatography combined with quadrupole time-of-flight mass spectrometry (UPLC--Q/TOF--MS), and gas chromatography--mass spectrometry (GC--MS). When combined with multivariate statistics, these analytical techniques facilitate the screening and identification of potential metabolites. Studies relating to LPS-induced inflammatory responses have mainly focused on depression[@cit0005],[@cit0006],[@cit0014] and single biological matrices (serum, liver, kidney, hippocampus, or heart). However, the metabolic changes might be diverse in different tissues, and no comprehensive metabolomics-based analysis of LPS-induced changes has been undertaken to date.

To the best of our knowledge, this is the first comprehensive metabolomic analysis of how LPS-induced SIRS can influence metabolic alterations in key target tissues. In the present study, we used GC--MS coupled with univariate and multivariate analyses to elucidate the LPS-induced changes in metabolites occurring in the serum, liver, kidney, hippocampus, and heart of LPS-treated rats. Our results may aid in the understanding of the pathogenesis of LPS-induced SIRS.

Materials and Methods {#s0002}
=====================

Animals {#s0002-s2001}
-------

Male Sprague--Dawley rats (180--240 g) were randomly allocated to control and LPS treatment groups (n=8). Rats in the LPS treatment group were given 0.5 mg/kg LPS every other day via intraperitoneal injection for two weeks with a total of seven injections. Animals in the untreated control group were given the same volume of normal saline. The dose of LPS was chosen based on earlier reports.[@cit0005],[@cit0015] This study was approved by the Ethics Committee of Jining First People's Hospital (protocol number 20170016) and performed in accordance with the National Institutes of Health guide for the care and use of laboratory animals.

Reagents {#s0002-s2002}
--------

LPS (Escherichia coli serotype0111:B4), heptadecanoic acid (purity ≥98%), an internal standard (IS), and N,O-bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane (BSTFA+1% TMCS; v/v) were purchased from Sigma--Aldrich (Saint Louis, MO, USA). O-Methylhydroxylamine hydrochloride (98.0% purity) was obtained from J&K Scientific Ltd (Beijing, China). Pyridine was obtained from Shanghai Macklin Biochemical (Shanghai, China). Chromatographic-grade methanol was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Water was purchased from Hangzhou Wahaha Company (Hangzhou, China).

Sample Collection {#s0002-s2003}
-----------------

Rats were euthanized with 1% sodium pentobarbital (50 mg/kg). Blood was collected and centrifuged (4500 × g, 5 min) to obtain the serum. All the rats were dissected on an ice-cold surface to obtain liver, kidney, hippocampal, and heart samples. After washing with phosphate-buffered saline (PBS, pH=7.2), all samples were frozen at −80 °C until use.

Sample Preparation {#s0002-s2004}
------------------

Serum samples (100 μL) were mixed with 350 μL of methanol containing 100 μg/mL IS and centrifuged (20,913 × g, 4 °C, 10 min). The supernatants were transferred to 2-mL tubes and dried at 37 °C under a gentle flow of nitrogen gas. The extracts were subsequently mixed with 80 μL of O-methylhydroxylamine hydrochloride (15 mg/mL in pyridine) and incubated for 90 min at 70 °C. Then, 100 μL of BSTFA+1% TMCS was added, followed by incubation for 1 h at 70 °C. The solution was then vortexed, centrifuged (20,913 × g, 4 °C, 2 min), and filtered through a 0.22-μm pore membrane filter before GC--MS analysis.

Tissue samples (50 mg; liver, kidney, hippocampus, and heart) were homogenized with 1 mL of methanol containing 1 mg/mL IS and transferred to 2-mL tubes and centrifuged (20,913 × g, 4 °C, 10 min). The remainder of the preparation procedure was the same as that used for the serum samples.

Quality control (QC) samples were defined as the mixture of control group and the LPS treatment group samples.

GC--MS {#s0002-s2005}
------

GC--MS analysis was performed on a 7890B GC system using a 7000C mass spectrometer. An HP-5MS fused-silica capillary column was used to separate samples. A 1-μL aliquot of the derivatized solution was run in split mode (50:1). The transfer line, injection, and ion source temperatures were 250 °C, 280 °C, and 230 °C, respectively. The GC temperature program began at 60 °C for 4 min, increased to 300 °C at 8 °C/min, and finally held for at 300 °C for 5 min. Electron impact ionization (−70 eV) was used, with an acquisition rate of 20 spectra/s in the MS setting. MS detection was performed by electrospray ionization (ESI) in full-scan mode and the range of mass/charge (m/z) values was 50--800.

Statistical Analysis {#s0002-s2006}
--------------------

SIMCA-P 14.0 (Umetrics, Umea, Sweden) was used for statistical analysis. Unsupervised principal component analysis (PCA), supervised partial least squares discriminant analysis (PLS--DA), and orthogonal projections to latent structures discriminant analysis (OPLS--DA) were conducted to further discriminate between the control group and LPS-treated group. The model was further validated by permutation testing (200 permutations). SPSS 17.0 (SPSS Inc, Chicago, IL, USA) was used to conduct two-tailed Student's *t*-tests. Variable importance in projection (VIP) values \>1.0 and calculated *p*-values \<0.05 were considered significant. MetaboAnalyst 4.0 ([<http://www.metaboanalyst.ca>]{.ul}) and the Kyoto Encyclopedia of Genes and Genomes (KEGG; [<http://www.kegg.jp>]{.ul}) were used for pathway analysis, and Raw *p*\<0.5, impact \>0 were defined as significant. Venn diagram analysis was performed using the free OmicShare online platform ([<http://www.omicshare.com/tools>]{.ul}).

Results {#s0003}
=======

GC--MS Chromatography of Serum and Tissue Samples {#s0003-s2001}
-------------------------------------------------

Chromatograms of the quality control (QC) serum and tissue samples (liver, kidney, hippocampus, and heart) all presented strong signals for analysis. Representative GC--MS total ion chromatograms (TICs) of serum, liver tissue, kidney tissue, hippocampal tissue, and heart tissue are presented in [Figure 1](#f0001){ref-type="fig"}.Figure 1Representative gas chromatography--mass spectrometry (GC--MS) total ion chromatograms (TICs) of quality control (QC) serum (**A**), liver tissue (**B**), kidney tissue (**C**), hippocampal tissue (**D**), and heart tissue (**E**).

Multivariate Statistical Analysis of the Metabolomic Data {#s0003-s2002}
---------------------------------------------------------

Our statistical analysis showed efficient modeling that clearly separated the LPS treatment group and control group (serum: *R*^2^*X*=0.593, *R*^2^*Y*=0.981,*Q*^2^=0.958; liver tissue: *R*^2^*X*=0.95, *R*^2^*Y*=0.8,*Q*^2^=0.43; kidney tissue: *R*^2^*X*=0.976, *R*^2^*Y*=0.967,*Q*^2^=0.842; hippocampal tissue: *R*^2^*X*=0.996, *R*^2^*Y*=0.998,*Q*^2^=0.941; and heart tissue: *R*^2^*X*=0.992, *R*^2^*Y*=0.997,*Q*[@cit0002]=0.975). For each parameter, a value close to 1.0 represents a stable model with predictive reliability. Statistical validation using permutation tests to evaluate the significance of the OPLS--DA models revealed no evidence of over-fitting, as the blue regression lines of the*Q*^2^-points intersected the vertical axis (on the left) below zero, as highlighted in [Figure 2](#f0002){ref-type="fig"}.Figure 2Orthogonal projections to the latent structures (OPLS) scores and 200 permutation tests for the OPLS--DA (discriminant analysis) models: serum (**A**), liver tissue (**B**), kidney tissue (**C**), hippocampal tissue (**D**), and heart tissue (**E**).

Identification of Potential Biomarkers {#s0003-s2003}
--------------------------------------

Compared with healthy controls, the OPLS--DA data, along with VIP (VIP \>1), and *p*-values arising from the *t*-tests (*p*\<0.05), indicated that the LPS group showed significantly altered serum levels of 1-monopalmitin, 3-methyl-1-pentanol, 9-hexadecenoic acid, D-glucose, D-lactic acid, glycine, halostachine, L-5-oxoproline, L-alanine, L-glutamic acid, L-isoleucine, L-leucine, L-methionine, L-proline, L-serine, L-threonine, L-tryptophan, L-tyrosine, L-valine, mannobiose, oleamide, palmitic acid, stearic acid, and urea. In the liver, meanwhile, LPS exposure led to altered levels of 1-monopalmitin, 9-hexadecenoic acid, acetamide, cholesterol, D-glucose, D-lactic acid, MG(0:0/18:0/0:0), L-alanine, L-threonine, mannobiose, palmitic acid, stearic acid, and urea. In the kidney, LPS treatment induced alterations in the levels of cholesterol, D-glucose, D-lactic acid, glycerol, glycine, L-alanine L-threonine, myo-inositol, palmitic acid, stearic acid, and urea. In the heart, there was a marked change in the concentrations of 1-monopalmitin, 3-methyl-1-pentanol, cholesterol, D-lactic acid, glycerol, MG(0:0/18:0/0:0), L-alanine, L-valine, palmitic acid, phenol, propanoic acid, and stearic acid. Finally, in the hippocampus, LPS treatment led to changes in the levels of 1-monopalmitin, cholesterol, D-lactic acid, L-valine, myo-inositol, palmitic acid, and stearic acid. These metabolic changes are presented in [Table 1](#t0001){ref-type="table"}, while the relative distribution of each biomarker in each tissue is further highlighted in [Figure 3](#f0003){ref-type="fig"}.Table 1List of Altered Metabolites in Serum, Liver, Kidney, Hippocampus, and Heart Following Lipopolysaccharide TreatmentMetabolitesSerumLiverKidneyHippocampusHeartP-valueVIPVIPVIPVIPVIP1-monopalmitin1.0793.2303.2361.158\<0.053-methyl-1-pentanol2.7231.1591.104\<0.059-hexadecenoic acid1.219\<0.05Acetamide1.213\<0.05Chloroacetic acid3.618\<0.05Cholesterol3.3481.0671.3241.062\<0.05D-glucose1.0801.0161.035\<0.05D-lactic acid1.1853.1931.8151.4071.195\<0.05Glycerol3.5983.982\<0.05MG(0:0/18:0/0:0)3.5911.411\<0.05Glycine1.5481.162\<0.05Halostachine1.300\<0.05L-5-oxoproline1.753\<0.05L-alanine3.8311.0261.1031.481\<0.05L-glutamic acid1.080\<0.05L-isoleucine1.822\<0.05L-leucine1.296\<0.05L-methionine1.074\<0.05L-proline1.406\<0.05L-serine1.093\<0.05L-threonine1.0891.0502.651\<0.05L-tryptophan1.346\<0.05L-tyrosine2.515\<0.05L-valine1.0834.5653.307\<0.05Mannobiose1.1063.672\<0.05Myo-inositol1.0921.612\<0.05Oleamide1.121\<0.05Palmitic acid1.2663.1122.9423.6101.212\<0.05Phenol4.310\<0.05Propanoic acid1.719\<0.05Stearic acid1.0911.0601.0292.9121.184\<0.05Urea4.8421.0231.192\<0.05[^1] Figure 3Venn diagram presenting the distribution of metabolites in serum, liver, kidney, hippocampus, and heart between the control and LPS groups.**Note:** The numbers in the Figure represent the same metabolites among different matrices (serum, liver, kidney, hippocampus, or heart).

Analyses of Metabolic Pathways {#s0003-s2004}
------------------------------

Several pathways were identified as showing significant changes following LPS treatment (for which Raw *p*\<0.5, Impact \>0) ([Table 2](#t0002){ref-type="table"}). In serum, the pathways were as follows: aminoacyl-tRNA biosynthesis; glutathione metabolism; glyoxylate and dicarboxylate metabolism; glycine, serine, and threonine metabolism; and arginine biosynthesis. Bile acid biosynthesis displayed significant changes in the liver, kidney, heart, and hippocampal tissues. In addition, significant changes in glycerolipid metabolism were also identified in the heart and kidney. The pathway analysis is summarized in [Table 2](#t0002){ref-type="table"} and highlighted in [Figure 4](#f0004){ref-type="fig"}. In addition, each pathway flowchart can be found in Kyoto Encyclopedia of Genes and Genomes (KEGG; [<http://www.kegg.jp>]{.ul}).Table 2Pathway Analysis Performed Using MetaboAnalyst 4.0 SoftwarePathway NameRaw pImpactSerumAminoacyl-tRNA biosynthesis6.005E-140.16667Glutathione metabolism6.088E-030.11548Glyoxylate and dicarboxylate metabolism8.893E-030.14815Glycine, serine and threonine metabolism1.054E-020.50186Arginine biosynthesis1.518E-020.11675LiverBile Acid Biosynthesis3.571E-020.07862KidneyBile Acid Biosynthesis3.673E-030.07862Glycerolipid Metabolism2.857E-020.16414HippocampusBile Acid Biosynthesis5.839E-020.07862HeartGlycerolipid Metabolism2.857E-020.16414Bile Acid Biosynthesis2.864E-020.07862 Figure 4Summary of pathway analysis performed using MetaboAnalyst 4.0. (**A**) Serum: a) aminoacyl-tRNA biosynthesis; b) glutathione metabolism; c) glyoxylate and dicarboxylate metabolism; d) glycine, serine, and threonine metabolism; e) arginine biosynthesis. (**B**) Liver tissue: f) bile acid biosynthesis. (**C**) Kidney tissue: f) bile acid biosynthesis and g) glycerolipid metabolism. (**D**) Hippocampus: f) bile acid biosynthesis. (**E**) Heart tissue: f) bile acid biosynthesis and g) glycerolipid metabolism.

Discussion {#s0004}
==========

LPS is an efficient and strong inducer of proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin 1 beta (IL-1β), IL-6, and C-reactive protein (CRP).[@cit0016] Increasing evidence supports that the pathophysiological demonstrations of LPS exposure can include depression and sepsis, acute liver, kidney, and heart injury, as well as other inflammatory response.[@cit0017]--[@cit0020] Although the mechanisms underlying LPS-induced inflammatory responses have been widely investigated, such as, inflammatory cytokine disturbances,[@cit0021] inflammatory cytokine disturbances[@cit0007] and genetic variability in toll-like receptor 4 (TLR4)-mediated LPS responses,[@cit0022],[@cit0023] an extensive metabolomic characterization of the response to LPS is still lacking.

To the best of our knowledge, this is the first metabolomics study to describe the systemic metabolic alterations occurring in several key target tissues (serum, liver, kidney, hippocampus, and heart) following LPS treatment. Our study revealed that 24, 13, 12, 7, and 12 metabolites were differentially expressed between the LPS treatment group and the control group in the serum, liver, kidney, heart, and hippocampus, respectively. Meanwhile, a Venn diagram was drawn to demonstrate the distribution of each biomarker in each tissue. Additionally, pathway mapping was performed using MetaboAnalyst based on KEGG. We found that these metabolic changes were mainly associated with aminoacyl-tRNA biosynthesis; glutathione metabolism; glyoxylate and dicarboxylate metabolism; glycine, serine, and threonine metabolism; arginine biosynthesis; bile acid biosynthesis; and glycerolipid metabolism. Importantly, the results of the combined metabolic and pathway analysis may provide significant new insights into the pathophysiological mechanisms underlying LPS-induced inflammatory responses.

The roles of amino acids as important substrates and regulators in numerous metabolic pathways and have been widely investigated.[@cit0024]--[@cit0026] In this study, the metabolites that showed statistically significant changes between the LPS treatment group and the control group included glycine, L-5-oxoproline, L-alanine, L-glutamic acid, L-isoleucine, L-leucine, L-methionine, L-proline, L-serine, L-threonine, L-tryptophan, L-tyrosine, and L-valine ([Figure 4](#f0004){ref-type="fig"}), and were mainly involved in glycine metabolism, serine and threonine metabolism, and arginine biosynthesis. Glycine, a simple amino acid, is associated with the production of DNA, phospholipids, collagen, and energy release, and has been demonstrated to reduce mortality and liver or kidney injury in LPS-induced models.[@cit0027] The decreased levels of glycine in the serum and kidney of LPS-treated rats compared with those of the control group, as measured by GC--MS, may indicate that LPS exposure provoked a severe systemic impairment. L-glutamic acid, also known as glutamate, is an important molecule in cellular metabolism and a precursor of glutathione (GSH), an important natural antioxidant.[@cit0028] In our study, the serum level of L-glutamic acid was decreased in LPS-treated rats, which was consistent with the results of our previous study.[@cit0005] These results suggested that the changes in L-glutamic acid levels may have been due to an impaired antioxidant response in the LPS treatment group. L-leucine, L-isoleucine, and L-valine are branched-chain amino acids (BCAAs) with important roles in stress, inflammation, energy generation, and muscle metabolism.[@cit0029],[@cit0030] Alterations in L-leucine, L-isoleucine, and L-valine levels have been confirmed in first-episode psychosis and depression.[@cit0031] The current study also suggested that aberrant changes in L-leucine, L-isoleucine, and L-valine levels are linked to LPS-induced inflammation. Collectively, the altered amino acid levels observed in the serum, liver, kidney, heart, and hippocampal tissues of the LPS-treated rats may help elucidate the pathogenesis of LPS-induced inflammation.

Lipid metabolism is known to play an important role in inflammation and immune responses.[@cit0032],[@cit0033] This may explain why, in our study, the levels of 9-hexadecenoic acid, cholesterol, glycerol, MG(0:0/18:0/0:0), oleamide, palmitic acid, and stearic acid were significantly altered in the LPS treatment group compared with the control group, as measured by GC--MS, and were associated with bile acid biosynthesis and glycerolipid metabolism. Several studies have shown that neuroinflammation in brain disorders is often associated with elevated myo-inositol levels;[@cit0034]--[@cit0037] here, we found that myo-inositol levels were increased in kidney and hippocampal tissue derived from the LPS-treated rats.

Increased levels of free fatty acids will eventually shift energy metabolism from D-glucose to lipids via the beta-oxidation of fatty acids with the help of acetamide. The altered levels of acetamide, propanoic acid, and chloroacetic acid found in our study are indicative of glyoxylate and dicarboxylate metabolism. These findings may contribute greatly to the treatment of LPS-induced SIRS.

Further studies are needed to further define the inflammatory mechanisms associated with LPS exposure, as our work had several limitations. We used only a single metabolomics approach based on GC--MS, and multi-omics or other technologies (eg, LC--MS) are required to confirm our findings. Additionally, how LPS affects other organs, such as the lung and spleen, must be elucidated for a complete understanding of the mechanisms involved in LPS-induced SIRS.

Conclusion {#s0005}
==========

In our study, GC--MS-based profiling was applied to comprehensively evaluate the metabolic alterations occurring in LPS-induced SIRS in key target tissues (serum, liver, kidney, hippocampus, and heart). We presented a systematic view of the metabolic changes that occur between in LPS-treated rats compared with control animals, and showed that these alterations were associated with amino acids, lipids, and energy metabolism. Collectively, our data systematically provide new insights into LPS-induced SIRS for the first time, and may assist in better understanding the inflammatory mechanisms associated with LPS exposure. The etiology of LPS-induced SIRS is multifactorial and complex, and additional metabolic-based experiments involving humans, animals, and cells are needed for a complete understanding of LPS-induced SIRS.
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[^1]: **Abbreviation:** VIP, variable importance in projection.
